Introduction
============

The cuticle in exoskeleton of insects has an enormous contribution towards their success in the environment as it provides strength, protection against enemies, and prevents water loss [@B1]. The bulk of insect cuticle is made up of chitin. In addition to the exoskeleton, chitin is present in cuticular lining of foregut, hindgut, and tracheae. Chitin is also a constituent of peritrophic membrane (PM) in the insect midgut. Chemically, chitin is a linear polymer of N-acetylglucosamine residues that are linked together by β-1, 4 glycosidic bonds [@B2]. The terminal step in chitin-synthesis pathway is catalyzed by an enzyme named chitin synthase (CHS). CHS belongs to a family of enzymes called as glycosyltransferases that transfer sugar moieties from activated sugar donors to specific acceptors resulting in a glycosidic bond [@B3]. Thus, CHS transfers the sugar moiety of UDP-N-acetylglucosamine to the non-reducing end of developing chitin polymer. However, the catalytic mechanism of CHS is still unclear.

In insects, two chitin synthases occur which are encoded by two different genes: *CHS1* and *CHS2* [@B4]. *CHS1* is mainly expressed in the exoskeleton structures and encodes for an enzyme that catalyzes the production of chitin utilized in cuticle and tracheae [@B3]. In addition to the well perceived role of *CHS* during molting in immature stages of insects, recent studies suggested an expanded role for this particular gene during insect development [@B5]. *CHS2* is expressed in the midgut and encodes for an enzyme that is responsible for production of chitin required in PM present in the midgut of insects [@B6]. Both *CHS1* and *CHS2* are closely related as both were probably derived from a gene duplication event, however, these can be easily separated phylogenetically [@B3].The first chitin synthase encoding gene in insects was cloned in the sheep blowfly (*Lucilia cuprina*) [@B7]. Since then, both *CHS1* and *CHS2* have been cloned and characterized in many insects, including African malaria mosquito (*Anopheles gambiae*) [@B8], yellow fever mosquito (*Aedes aegypti*) [@B9], fruit fly (*Drosophila melanogaster*) [@B10], tobacco hornworm (*Manduca sexta*) [@B11]-[@B12], red flour beetle (*Tribolium castaneum*) [@B13], and a malaria mosquito (*Anopheles quadrimaculatus*) [@B14] ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S1). In all but one of these studies, chitin synthases were characterized from holometabolous insects (those with complete metamorphoses).

Chitin synthase protein is composed of 3 domains namely A, B, and C [@B15]. The A domain, located at N-terminal contains 7-10 transmembrane regions and shows little sequence conservation in different organisms [@B4]. The B domain is the catalytic domain and is directed towards the cytoplasm [@B3]. There are several signature motifs present in the B domain that are vital for catalytic function of this enzyme. The different regions of the catalytic domain are highly conserved in different organisms. The domain C is located near C-terminal, and has 3-5 transmembrane regions. These transmembrane regions are highly conserved in terms of their sequence, location and spacing [@B15].

As insect growth is central to the molting process that involves the degradation and subsequent replacement of cuticle, the inhibition of chitin synthesis presents an attractive opportunity for insect control [@B3]. Insecticides based on chitin synthesis inhibition are safe to humans as the chitin synthesis pathway is absent in vertebrates. Diflubenzuron (DFB), a member of the class Benzylphenolureas, was the first commercial insecticide that acts by inhibiting chitin synthesis in insects [@B16]. Following the treatment with DFB, reduced chitin content has been reported in *A. quadrimaculatus* [@B14], *D. melanogaster* [@B17] and *T. casteneum*[@B18]. However, the exact mode of action of DFB still remains unclear. In a recent study to characterize the effects of DFB in insects, genomic tiling array of the model insect *T. casteneum* was used [@B18]. Interestingly, only 6% of genes in *T. casteneum* showed differential expression in treated insects. Furthermore, none of genes involved in chitin metabolism including the gene encoding for chitin synthase were affected by DFB treatment. Thus, reduction in chitin content caused by DFB treatment could be due to events that occur downstream of transcription of chitin metabolism genes [@B18].

Despite that many non-holometabolous insects are also serious agricultural pests, research on CHS and its potential for their control has been limited. The soybean aphid, *Aphis glycines*Matsumura, is a major pest of soybean throughout soybean-growing regions of the U.S. [@B19]-[@B20]. *A. glycines* has caused wide spread losses (as high as 40%) of soybean yield in the North-central states where 80% of U.S. soybean crops are grown. In order to control the damage by *A. glycines*, soybean producers have adopted regular scouting and insecticidal sprays as part of management practices, which eventually have led to a significant economic impact on the soybean production systems [@B20]-[@B21]. Host plant resistance (HPR), another potential strategy to manage *A. glycines*, has been hindered by the development of biotypes i.e. insect populations that are virulent to previously known resistant sources [@B22]-[@B23]. Due to high cost associated with chemical control and the complications of HPR in the presence of aphid biotypes, novel strategies to manage *A. glycines* are necessary. Development of new management strategies necessitates exploration of the molecular physiology of *A. glycines*, which have been severely lacking due to the recent North American invasion (first found in year 2000) and subsequent rapid emergence as a serious threat.

The current study was intended to better understand the molecular structure and function of chitin synthase in *A. glycines*. Further, to explore the potential of chitin-synthesis inhibition as a management tool, we conducted an assay to investigate the effect of DFB on fitness of *A. glycines*. Specifically, in this study, we report (1) complete cDNA sequence encoding full-length chitin synthase from *A. glycines*, (2) expression profile of *AyCHS* in different tissues and developmental stages of *A. glycines*, (3) effect of DFB on *A. glycines* survival, fecundity and body weight and (4) effect of DFB on the expression of *AyCHS* during nymphal development of*A. glycines*.

Materials and Methods
=====================

Sequence retrieval and analysis
-------------------------------

To retrieve cDNAs for chitin synthase genes in *A. glycines*, sequences of *T. casteneum* CHS (TcCHS1: NP_001034491.1 and TcCHS2: NP_001034492.1) were used as query in a tblastn search of *A. glycines* transcriptomic database \[24, R. Bansal, unpublished data\]. We identified one *A. glycines* cDNA contig displaying significant similarity to the chitin synthases of *T. casteneum*(TcCHS1: 74%; TcCHS2: 64%). The identity of chitin synthase cDNA of *A. glycines* was further confirmed by blastx search at NCBI-GenBank. Based on known insect chitin synthases, cDNA and deduced protein sequences of *AyCHS* appeared to be complete (Note: we have chosen the abbreviation *Ay* to avoid confusion with the *Ag* abbreviation used for genes from *Anopheles gambiae*). The ORF finder tool at the National Center for Biotechnology Information (NCBI) was used to identify the open reading frame (ORF) of *AyCHS*. The transmembrane helices in the AyCHS protein sequence were predicted at TMHMM Server v. 2.0. The putative catalytic domain of AyCHS protein was predicted using SMART tool [@B25]. The putative N-glycosylation sites were predicted by PROSCAN [@B26]. Multiple alignments of various protein sequences were performed by using ClustalW [@B27]-[@B28]. The *AyCHS* cDNA sequence was deposited in the NCBI GenBank (accession number JQ246352).

Phylogenetic analysis of insect chitin synthases
------------------------------------------------

The phylogenetic analysis was conducted in MEGA5.05 software [@B29]. To infer the evolutionary history, the Neighbor-Joining method (with pairwise deletion) was used. A bootstrap test was conducted (10000 replicates) to calculate the percentages of replicate trees in which sequences clustered together. For phylogenetic analysis, chitin synthases were included from *A. glycines* (Ay), *Acyrthosiphon pisum*(Ap), *Laodelphax striatellus*(Ls), *Nilaparvata lugens*(Nl), *Pediculus humanus*(Ph), *Locusta migratoria*(Lm),*Manduca sexta*(Ms),*Aedes aegypti* (Aa), *Anopheles gambiae*(Ag), *Apis mellifera* (Am), *Drosophila melanogaster* (Dm), *Tribolium castaneum* (Tc), *Plutella xylostella* (Px), and *Caenorhabditis elegans*(Ce). The GenBank accession numbers are Ay (JQ246352), Ap (XP_003247517.1), Ls (ADR73029.1), Nl (AEL88648.1), Ph1 (XP_002423597.1), Lm1 (ACY38588.1), Ms1 (AAL38051.2), Ms2 (AAX20091.1), Ag1 (XP_321336.4), Ag2 (XP_321951.1), Dm1 (NP_524233.1), Dm2 (NP_524209.2), Aa1 (XP_001662200.1), Aa2 (XP_001651163.1), Px1 (BAF47974.1), Am1 (XP_395677.4), Am2 (XP_001121152.2), Tc1 (NP_001034491.1), Tc2 (NP_001034492.1), Ce1 (NP_492113.2).

Insect culture
--------------

For qPCR and leaf dip bioassays,*A. glycines* insects were obtained from a laboratory colony, referred as biotype 1 (B1) that originated from insects collected from Urbana (IL, USA; 40^ᵒ^06\'N, 88^ᵒ^12\'W) in 2000 [@B30]. At Ohio Agricultural Research and Development Center (OARDC, Wooster, OH), a laboratory population of these insects is maintained on susceptible soybean seedlings \[SD01-76R (2)\] in a rearing room at 23-25^°^C and 15:9 (Light:Dark) photoperiod.

Tissue and developmental expression of *AyCHS*
----------------------------------------------

The *AyCHS* expression was measured primarily in chitin-containing tissues, specifically the gut, integument, fat body, and embryo (developing inside adults) of *A. glycines*. To obtain selected tissues samples, *A. glycines* adults (5 days old) were dissected out in phosphate buffer saline (pH 8) under a dissection microscope. The *A. glycines* embryos which resemble miniature nymphs and adults were cleanly removed from the abdomen of adult aphids. To determine the expression of *AyCHS* in different developmental stages, all the 4 nymphal and adult samples (whole body) were collected from insects feeding on susceptible soybean \[SD01-76R (2)\] plants. Both tissue and whole body samples were processed for total RNA extraction by using TRI reagent (Molecular Research Center Inc, Cincinnati, OH, USA), following the protocol provided by the manufacturer. To remove DNA contamination, total RNA samples were treated with TURBO™ DNase (Applied Biosystems/Ambion, Austin, TX, USA). Using iScript^TM^ cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA), first strand cDNA was prepared with 150 ng and 500 ng RNA (DNA free) from tissue and developmental stages samples, respectively. qPCR was employed to determine the expression of *AyCHS* in various tissues and developmental stages of *A. glycines*. The reactions were performed with iQ SYBR green super mix on a CFX-96 thermocycler system (Bio-Rad, Hercules, CA, USA) [@B31]. *AyCHS* gene-specific primers \[forward: AAATATACGCCAAAGTCTT, reverse: GGATAGCAAGGTTATTCAT\] were designed using Beacon Designer version 7.0 (Palo Alto, CA, USA). PCR amplification with primers resulted in a 111 bp fragment within the coding region of *AyCHS*. Due to consistent expression, *A. glycines* specific *EF1α* \[forward: CTACTGCTACGCCTATTC and reverse: GGTGTCATCAAGAGTGTAA\] was used as internal control [@B32]. Prior to PCR, cDNA preparations from developmental stages were diluted 1.5X with nuclease free water. Each reaction was performed with 1 μl of cDNA, 0.5 μM of each primer and 12.5 μl of iQ SYBR green super mix in 25 μl total volume. Each reaction was done in duplicate in a 96-well optical-grade PCR plates, sealed with optical sealing tape (Bio-Rad Laboratories, Hercules, CA). The PCR amplifications were done with the following cycling conditions: one cycle at 95°C (3 min), followed by 35 cycles of denaturation at 95°C (30 seconds), annealing and extension at 55°C for 45 sec. Finally, melt curve analyses were done by slowly heating the PCR mixtures from 55 to 95°C (1°C per cycle of 10 s) with simultaneous measurements of the SYBR Green I signal intensities. A total of three biological replications for tissue and two for developmental stage samples were performed. The data on *AyCHS* expression at different stages and in different tissues of *A. glycines* was normalized by subtracting cycle threshold (Ct) values from the corresponding *EF1α* Ct values. The relative expression level of *AyCHS* in different tissues and developmental stages was determined by comparative Ct method (2^-∆Ct^). The significance of differences in the *AyCHS* expression was determined by t-test.

Leaf dip bioassay
-----------------

*DFB toxicity*: Two different concentrations (5 ppm and 50 ppm) of DFB were used. Tween-20 @ 0.05% concentration was used as surfactant. For leaf dip bioassay, fresh trifoliate leaves were clipped from soybean plants \[SD01-76R (2)\]. Detached leaves were dipped into DFB solution for \~20 seconds and were dried for 2 hrs. For control, detached leaves were dipped into water containing only Tween-20. To determine the performance of *A. glycines*individuals on DFB-treated leaves, a detached leaf assay as described in [@B33] was followed. Briefly, single detached leaf was placed on a moist filter paper in a petri dish. Freshly hatched nymphs of *A. glycines* were placed on these leaves using a camel hair brush. Thereafter, these petri dishes were stored in rearing chambers under suitable environmental conditions \[23-25^°^C, 50-70% relative humidity and 15:9 (Light:Dark) photoperiod\]. To maintain appropriate moisture for insect growth, 500 µl of water was added to the filter paper every 12 hrs. Both DFB treatments and control experiment were replicated three times, and each replication consisted of 30 individuals. To measure the DFB toxicity, nymphs that were alive were counted daily for 6 days. *A. glycines* nymphs that turned brown during assay were considered dead. After 6 days, body weight was measured for survivors. To determine the effect of DFB treatment on *A. glycines* fecundity, nymphs laid by five adults surviving in each treatment were counted every 24 hrs. To avoid error in fecundity data, freshly hatched nymphs were removed after counting. In this way, fecundity data were recorded for three replications. Data on percent mortality of *A. glycines* nymphs was transformed using arcsine square root transformations. The transformed data was analyzed using one-way ANOVA. To determine the significant differences within different treatments, Tukey\'s Honestly Significant Difference (HSD) test was performed.

*DFB effect on chitin synthase gene expression*: To measure the effect of DFB exposure on chitin synthase gene expression, a separate leaf dip bioassay was performed in the same method as described above. The solution containing DFB @ 50 ppm was used for leaf treatment. Insect samples (10 each) were collected at 3 day and 6 day interval from control and treated leaves. Only live insects were collected for gene expression analysis. Insect samples were processed for RNA extraction, DNAse treatment, first strand cDNA synthesis (using 500 ng RNA from each sample) and qPCR analysis as described in the previous section. For every sample, three biological replicates with each having two technical replicates were performed. Fold changes in the expression of *AyCHS* in treated samples were determined by comparative Ct method (2^-∆∆Ct^). The significance of differences in the expression of *AyCHS* was determined by t-test.

Results
=======

*AyCHS* cDNA and protein sequence in *A. glycines*
--------------------------------------------------

In the cDNA library of *A. glycines,* we identified a full length 5802 bp long cDNA encoding for a chitin synthase gene (*CHS1*). *AyCHS* cDNA was predicted to contain an open reading frame of 4704 bp that encoded for a 1567 amino acid residue protein. The nucleotide and predicted amino acid sequences of the *AyCHS* are shown in Fig. [1](#F1){ref-type="fig"}. The sequence included the ATG start codon at positions 129-131, the stop codon TGA at 4830-4832, and one polyadenylation signal, AATAAA, at 5288-5293. Upon blastn search at Genbank, the nucleotide sequence of the ORF region of *AyCHS* gene showed highest similarity to that of *A. pisum*(*ApCHS*, XM_003247469.1, 92% identity), followed by *L. migratoria* (*LmCHS1*, GU067731.1, 71% identity), and *P. humanus* (*PhCHS*, XM_002423552.1, 69% identity). The predicted molecular mass of putative *AyCHS* protein was 180.05 kDa with p*I* of 6.31. Scanning of deduced amino acid sequence of*AyCHS* at TMHMM Server v. 2.0 predicted 16 hydrophobic, membrane-spanning α-helices with 9 of them in domain A and 7 in domain C. In addition, AyCHS protein was predicted to contain 12 N-glycosylation sites. The putative catalytic domain of AyCHS was 228 amino acid residues long and contained two signature motifs i.e. EDR (863-865) and QRRRW (900-904). Another signature motif TWGTR (1082-1086) that is supposed to play a role in chitin translocation [@B3] was found in domain C. Multiple sequence alignment of the region encompassing the catalytic domain of chitin synthases in different hemipteran insects shows 90% identity and 97% similarity in amino acid residues (Fig. [2](#F2){ref-type="fig"}). Full length AyCHS protein had a high level of amino acid sequence identities with different insect chitin synthases found in GenBank. It showed identities of 98%, 73%, 67% and 66% to the chitin synthases of *A. pisum*(*ApCHS*, XP_003247517), *L. striatellus* (*LsCHS*, ADR73029), *Ostrinia furnacalis* (*OfCHS1*, ACB13821) and *Spodoptera exigua* (*SeCHS*, AAZ03545), respectively.

Phylogenetic analysis of insect CHSs
------------------------------------

On the basis of amino acid sequence alignment of various insect chitin synthases, a phylogenetic tree was generated using MEGA5.05 (Fig. [3](#F3){ref-type="fig"}). Clearly, CHS1 and CHS2 from various insect species were placed in two separate clusters. Further, CHS1 from various hemimetabolous and holometabolous insects were grouped into different yet respective clusters. All hemipteran chitin synthases seemed to have a common lineage as high bootstrap value of 88 confirmed their phylogeny. Chitin synthase from *A. glycines*, *AyCHS*, was grouped along with that of *A. pisum* (*ApCHS*), the only other aphid with known sequence of chitin synthase.

Expression of *AyCHS* gene in different tissues and developmental stages of *A. glycines*
-----------------------------------------------------------------------------------------

Transcript levels of *AyCHS* in various tissues and developmental stages were determined by qPCR. *AyCHS* was expressed in all tissues tested (gut, fat body and integument), however, the peak expression was observed in the integument (\~3.5 fold compared to gut) (Fig. [4](#F4){ref-type="fig"}A). Further, the expression of *AyCHS* in embryos developing inside *A. glycines* adults was nearly 7 fold higher as compared to that in integument of adults (Fig. [4](#F4){ref-type="fig"}B). Analysis in different developmental stages of *A. glycines* revealed that *AyCHS* is expressed consistently in all stages (Fig. [4](#F4){ref-type="fig"}C).

Effect of DFB on *A. glycines* survival and *AyCHS* expression
--------------------------------------------------------------

Results on the effect of DFB on *A. glycines* survival, as determined through leaf dip bioassay, are shown in Fig. [5](#F5){ref-type="fig"}. Administration of DFB through soybean leaves caused *A. glycines\'* mortality during nymphal molts (F=22.68, P \< 0.01) (Fig. [5](#F5){ref-type="fig"}A). *A. glycines* nymphs fed with leaves dipped in 50 ppm DFB solution suffered highest mortality at all points of observation except on day 1 (Fig. [5](#F5){ref-type="fig"}C, [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S2). On day 6, cumulative mortality (23.33%) in insects that fed upon leaves dipped in 50 ppm DFB solution was significantly higher as compared to those that fed on control leaves (Tukey\'s HSD; *P*\< 0.01) and those fed upon leaves dipped in 5 ppm DFB solution (Tukey\'s HSD; *P*\< 0.01). There were no significant differences in body weight and fecundity of insects that survived the DFB treatment (data not shown).

On day 3, expression of *AyCHS* in *A. glycines*feeding upon treated and control leaves was statistically indistinguishable (t = 2.26, df = 4, *P* = 0.08) (Fig. [5](#F5){ref-type="fig"}D). On day 6, expression of *AyCHS* in *A. glycines* feeding upon treated leaves increased significantly (by 1.67 fold) compared to those feeding upon control leaves (t = -3.80, df = 4, *P* \< 0.05).

Discussion
==========

Chitin synthase is a key enzyme for the chitin-synthesis pathway in insects. Studies conducted so far on insect chitin synthases have been largely restricted to holometabolous insects. To date, insect chitin synthases have been characterized from at least 15 different holometabolous insects but only 3 hemimetabolous insects [@B34]-[@B36]. To better understand the structure and function of chitin synthases, it is important to characterize chitin synthase encoding genes from a diverse group of insects. In this paper, we report, a full-length cDNA encoding chitin synthase from a paraneopteran insect, *A. glycines*. Paraneoptera is a monophyletic insect group that includes 4 insect orders Hemiptera, Psocoptera, Phthiraptera, and Thysanoptera. Thus, characterization of *CHS* from *A. glycines* further enhances the current knowledge and understanding of chitin synthases in insects.

In the transcriptome database of *A. glycines*, we identified only one transcript encoding an enzyme similar to chitin synthases of *T. casteneum*. When phylogenetic analysis from putative *CHS* cDNA and other insect chitin synthases was performed, the cDNA from *A. glycines*grouped with *CHS1* of other insects (Fig. [3](#F3){ref-type="fig"}). The size of putative*CHS* cDNA in *A. glycines* was similar to the *CHS1* cDNA in other insects. Taken together, these results suggest that the chitin synthase encoding gene in *A. glycines* belongs to *CHS1* group. From research conducted on insect chitin synthases, it is well established that most insects possess two genes (*CHS1* and *CHS2*) encoding for two distinct chitin synthases [@B4]. *CHS1* is mainly expressed in the exoskeleton structures and is important for production of chitin required for cuticle and tracheae.*CHS2* is expressed in the midgut and is required for production of chitin in PM of insect midgut. Hemipteran insects, including aphids, are unique in that they lack PM. During the course of evolution, the PM was lost which led to the compartmentalization of the digestive process and ultimately increased digestion of polymers [@B37]-[@B38]. Consistent with the lack of a PM, *CHS2* seems to be absent in aphids. This is supported by the presence of only one chitin synthase encoding gene (similar to insect *CHS1*, S. Fig. [1](#F1){ref-type="fig"}) in *A. pisum* genome (LOC100162079, Aphidbase). Analyzing the presence or absence of *CHS2* in a multitude of aphids and potentially other Hemipterans would be necessary to understand when the loss of *CHS2* occurred during the evolution of Aphididae or within the Hemiptera.

Following the absence of PM in aphids, the major chitin containing structure in these insects is integument. Results obtained for the tissue expression studies of *AyCHS*, for example the highest expression in the integument (Fig. [4](#F4){ref-type="fig"}A), are in agreement with its perceived role in chitin production in insect exoskeleton [@B34], [@B39]. Further, chitin is also required for the synthesis of egg shell and embryo cuticle [@B5]. Consistent with the requirement of chitin in embryo cuticle, *CHS1* expression occurs in insect embryos [@B13], [@B40]-[@B41]. At the quantitative level, *CHS1* expression in embryos is similar to that found in adult insects [@B13]. However, in the current study, we obtained an exceedingly high expression of *AyCHS* in aphid embryos compared to the adult integument (Fig. [4](#F4){ref-type="fig"}B). These high transcript levels of *AyCHS* in *A. glycines* embryos might probably reflect the uniqueness of embryonic development in hemimetabolous insects. Developing embryos of hemimetabolous insects undergo molting within female reproductive tissues and as a result, three cuticles are formed during embryo development [@B42]. Embryonic molting leads to higher production of chitin during development and thus the higher expression of *CHS1* in hemimetabolous insects. The relatively low level of *CHS1* in holometabolous embryos is probably due to the absence of embryonic molts within these insects.

Insect *CHS1* genes are characterized by the usage of alternate exons leading to the expression of two alternate splice variants [@B13]. These splice variants differ in a short region of 177 nucleotide residues and are differentially expressed in epidermis and tracheae. To detect splice variants of *CHS* in *A. glycines*, specific primers [@B34], [@B43] were employed to amplify cDNA preparations of different tissues through RT-PCR. These primers were specific for the region corresponding to exon 8 of *TcCHS1* [@B13], the well-studied exon for which alternate forms are found in different insects. However, these attempts were not successful as identical *AyCHS* sequences were recovered from all tissues. Subsequent analysis of genomic fragments encoding chitin synthase in the *A. pisum* genome (LOC100162079, Aphidbase) (S. Fig. [1](#F1){ref-type="fig"}) revealed that no alternate form exists for sequence corresponding to exon 8 of *TcCHS1* [@B13]. It appears that splice variants of *CHS1*do not exist in aphids.

As DFB causes a reduction in chitin content, therefore the increased *AyCHS*expression following the feeding on DFB-treated leaves seems to be plausible as it can lead to an increased enzymatic activity to synthesize chitin. In our study, though the enhanced expression of *AyCHS* in *A. glycines* fed with DFB-treated leaves was statistically significant (Fig. [5](#F5){ref-type="fig"}D), the expression difference (1.67 fold) may not considerable enough to be conclusive. Earlier, it has been reported that *CHS* expression changes of up to two-fold can occur even among control insect samples [@B17]. Further, results from previous studies do not reveal a consistent pattern on the effect of DFB and other Benzoylphenylureas on insect *CHS* expression [@B14], [@B17], [@B18], [@B43]. DFB has been found to enhance the *CHS1* expression in *A.quadrimaculatus* [@B14] but not in *D. melanogaster* [@B17] and *T. casteneum* [@B18]. Thus, additional studies at the transcript and protein levels are required to confirm the biological significance of *AyCHS\'* increased expression as well as the effect of DFB on insect *CHS* in general.

DFB was the first chitin synthesis inhibitor introduced commercially to control insect pests. It has been recommended for spray in forage crops against the attack of several pests including armyworm, grasshopper, and leafhopper [@B44]. As DFB causes a reduction in chitin content, the insect ultimately dies because of abortive molting [@B14], [@B45]. We have demonstrated that DFB reduces longevity and causes direct mortality of *A. glycines* under laboratory conditions (Fig. [5](#F5){ref-type="fig"}, [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S2). To confirm the usefulness and potential of DFB\'s integration into an IPM strategy to manage this pest, further work should be performed on a larger scale under laboratory and field conditions. Earlier, chloromethiuron, also a chitin synthesis inhibitor, has proved effective in controlling *A. glycines* under field conditions [@B46]. It was reported that when chloromethiuron was applied at 500 g/ha during the flowering stage, *A. glycines* populations were controlled without having any adverse effect on natural enemies [@B46]. Given the importance of natural enemies for *A. glycines* management [@B19]-[@B20], incorporating a chitin-synthesis inhibitor as another tool could be very beneficial for aphid management. Clearly, chitin-synthesis inhibitors including DFB have potential to be a safe and an effective approach to control *A. glycines* in soybean field.

In addition to chemical applications, chitin synthase genes could be targeted through an RNA-interference (RNAi) based approach [@B47]-[@B48]. In this regard, reports on RNAi mediated knockdown of insect *CHS* genes resulting in lethal phenotype are encouraging [@B8], [@B34], [@B39], [@B49]-[@B51]. Even feeding based RNAi that has relevance in field applications has been effective to knockdown *CHS* [@B50]. The current study provides an ideal platform for future studies to target *AyCHS* in *A. glycines* using RNAi. Previous RNAi studies in aphids are promising as *A. pisum* has shown a robust response to RNAi mediated knockdown [@B52]. In the long term, this approach could prove effective for novel *A. glycines* management in the field.

Supplementary Material
======================
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**Table S1.** Chitin synthase genes characterized in various insects. **Table S2.**Effect of DFB at different dosages on the *A. glycines*\' survival. **Figure S1.**Schematic diagram of the exon-intron organization of the *ApCHS* gene in *A. pisum* (LOC100162079, Aphidbase).
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**Nucleotide and deduced amino acid sequences of *AyCHS* cDNA from *Aphis glycines*.** The start codon (ATG), stop codon (TGA) and putative polyadenylation signal (AATAAA) are highlighted in black. The 16 hydrophobic, membrane-spanning α-helices predicted by TMHMM Server v. 2.0 are highlighted in gray. The amino acid sequence of the putative catalytic domain predicted by SMART tool [@B28] is boxed. The 12 putative N-glycosylation sites predicted by PROSCAN are underlined. The cDNA sequence was deposited in the GenBank with accession number JQ246352.
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![**Alignment of putative catalytic domain of chitin synthase gene in different hemipteran insects.** The conserved and similar amino acid residues are labeled in black and grey backgrounds respectively. Red boxed amino acid residues represent highly conserved regions in glycosyltransferases (family 2) enzymes (based on [@B3]). Sequence alignment was performed using Clustalw2 program [@B30]-[@B31].The following insect chitin synthase sequences were used in the alignment: ApCHS:*Acyrthosiphon pisum*, XP_003247517.1; AyCHS:*Aphis glycines,*JQ246352; LsCHS: *Laodelphax striatellus*, ADR73029.1; NlCHS:*Nilaparvata lugens*, AEL88648.1.](ijbsv08p1323g03){#F2}

![**Phylogeny of insect chitin synthases.** A Phylogenetic tree constructed from amino acid sequences of various insect chitin synthases is shown. The percentages of replicate trees in which the sequences clustered together in the bootstrap test (10000 replicates) are shown (only above 50%) next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The scale bar represents 0.1 expected substitutions per amino acid position. The phylogenetic analysis was conducted in MEGA5.05. Chitin synthases were from *Aphis glycines* (Ay), *Acyrthosiphon pisum*(Ap), *Laodelphax striatellus*(Ls), *Nilaparvata lugens*(Nl), *Pediculus humanus*(Ph), *Locusta migratoria*(Lm),*Manduca sexta*(Ms),*Aedes aegypti* (Aa), *Anopheles gambiae*(Ag), *Apis mellifera* (Am), *Drosophila melanogaster* (Dm), *Tribolium castaneum* (Tc), Plutella xylostella (Px), and *Caenorhabditis elegans*(Ce). The accession numbers for various chitin synthases used in the phylogenetic analysis are provided in the *Materials and Methods* section.](ijbsv08p1323g04){#F3}

![**Relative expression levels of chitin synthase gene (*AyCHS*) in different tissues and developmental stages of *A. glycines* as determined by real time PCR.** Bars were generated after measuring the relative mRNA level of *AyCHS* gene in *A. glycines*. The mean (± S.E) expression level is represented for two biological replicates for developmental profiles and two biological replicates for tissue expression profiles. *EF1α* gene was used as an internal reference gene. The relative expression was calculated based on the value of the lowest expression which was ascribed an arbitrary value of 1. Different letters on the bars of the histogram indicate significant difference in gene expression compared to the treatment with lowest expression at *P*value \< 0.05 (t-test). Different tissues dissected from *A. glycines* adults are A. gut, fat body and integument B. integument and embryo. Different developmental stages are C. N1-1^st^ instar nymph, N2-2^nd^ instar nymph, N3- 3^rd^ instar nymph, N4- 4^th^ instar nymph, A-adult.](ijbsv08p1323g05){#F4}

![**Effect on diflubenzuron on *A. glycines* survival. A.** Dead nymphal instar of *A. glycines* after being fed with soybean leaves that were treated earlier with 50ppm DFB solution. **B.** Alive and successfully molted nymphal instar of *A. glycines* after being fed with soybean leaves that were dipped earlier in water (control). **C.**Mortality of *A. glycines* nymphs following their feeding upon soybean leaves that were treated earlier with different dosages of DFB. Different data points in the figure represent the percent mortality (± S.E) as calculated from 3 replicates (n=3), each with 30 freshly hatched nymphs. **D.** Relative expression of the *AyCHS* in *A. glycines* feeding upon soybean leaves that were treated earlier with DFB \@500ppm (treated) and water (control). Bars were generated after measuring the relative mRNA lelvel of *AyCHS* in *A. glycines* nymphs at day 3 and day 6. The mean (± S.D) expression level is represented for three biological replicates (n=3). Asterisk (\*) indicates the significant difference at *P*value \< 0.05 (t-test).](ijbsv08p1323g06){#F5}
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